Abstract. The Aden spreading ridge (Somalia/Arabia plate boundary) does not connect directly to the Red Sea spreading ridge. It propagates toward the East African Rift through the Afar depression, where the presence of a hot spot has been postulated from seismological and geochemical evidence. The spreading direction (N37øE) is highly oblique to the overall trend (N90øE) of the ridge. We present and interpret new geophysical data gathered during the Tadjouraden cruise (R/V L 91talante, 1995) in the Gulf of Aden west of 46øE. These data allow us to study the propagation of the ridge toward the Afar and to discuss the processes of the seafloor spreading initiation. We determine the lithospheric structure of the ridge using gravity data gathered during the cruise with the constraint of available refraction data. A striking Bouguer anomaly gradient together with the identification of magnetic anomalies defines the geographical extent of oceanic crust. The inversion of the Bouguer anomaly is performed in terms of variations of crustal thickness only and then discussed with respect to the expected thermal structure of the mantle lithosphere, which should depend not only on the seafloor spreading but also on the hot spot beneath East Africa. Our results allow us to define three distinct lithospheric domains in the western Gulf of Aden. East of 44ø45'E the lithosphere displays an oceanic character (thermal subsidence recorded for the last 10 Ma and constant crustal thickness). Between 43ø30'E and 44ø10'E the lithosphere is of continental type but locally thinned beneath the axial valley. The central domain defined between 44ø10'E and 44ø45'E is characterized by a transitional lithosphere which can be seen as a stretched continental crust where thick blocks are mixed with thinned crust; it displays en echelon basins that are better interpreted as extension cells rather than accretion cells.
Introduction and Objectives
Many detailed geophysical studies over the past 10-15 years have been devoted to refining the understanding of accretionary processes at oceanic spreading ridges. The interpretation of high-resolution multibeam bathymetric data has allowed one to characterize the morphological secondorder segmentation of slow spreading ridges, which is associated with a crustal segmentation, as shown from the interpretation of seismic and gravity data [e.g., Kuo and Forsyth, 1988; Tolstoy et al., 1993] . Negative residual gravity anomalies located at the centers of segments have been interpreted as reflecting thicker crust, hence a higher We study in this paper the nascent spreading ridge located in the Gulf of Aden west of 46øE, which is propagating toward the Afar depression (East Africa). We aim at characterizing the initiation of the seafloor spreading and the way it propagates into not yet oceanized areas. For that purpose we study the crustal structure of the young spreading ridge through the interpretation of gravity data. First, we define the geographical extent of the actual oceanic crust.
Then we discuss the variations of the crustal thickness in order to understand the initiation of seafloor spreading processes. We show that three distinct lithospheric domains can be defined between 43 ø and 46øE and that only the easternmost domain corresponds to a 10 Ma old wellestablished seafloor spreading.
Geodynamic Setting
The global seismicity data show that three major plate anomaly along almost the entire Gulf [Cochran, 1981] Recent results concerning the western Aden spreading ridge dealt with models of opening and with the problem of the junction with the Afar depression. As chron 5 is identified along almost the entire Gulf of Aden, the propagation of the opening was probably either instantaneous [Cochran, 1981; Le Pichon and Gaulier, 1988] or very rapid (at least 10 cm yr-•) with possible slowing down at fracture zones [Manighetti et al., 1997] . Among noteworthy geophysical studies in the western Gulf of Aden, the analysis of gravity and bathymetry profiles with spectral methods has inferred the westward decrease of the equivalent elastic thickness from 15 to 3 km between 52øE and 44øE [Tamsett, 1984] . It has been interpreted as resulting from a hotter mantle temperature in the westernmost area, in agreement with the vicinity of a hot spot beneath Afar. A decrease in elastic thickness from 17 to 5 km has also been noticed in the East African Rift, between its southern Ethiopian part and the Afar depression . Simultaneously, the lengths and throws of the border faults decrease as well as the size of the graben; it has been interpreted as an increasing oceanic style in rift segmentation, thus linking the segmentation of a continental rift to the segmentation of oceanic spreading ridges . It is worth noting that a similar decrease in elastic thickness and fault dimensions has been reported along the Reykjanes Ridge, when approaching the influence of the Iceland hot spot [Searle et al., 1998 ].
The junction with the Afar depression has been debated mainly on the basis of seismological observations, as well as tectonic, magnetic, and topographic data gathered mainly onshore \markcite [e.g., Courtillot et al., 1980 [Courtillot et al., 1980} . However, the whole area, as well as the Gulf of Tadjoura and the Ghoubbet, lacked any detailed bathymetric and geophysical data coverage, both on and off axis. The data we interpret in this paper give the opportunity to make a link between pure continental rifting and established oceanic spreading and to propose a model for the initiation of seafloor spreading processes.
Data Acquisition
The data we interpret in this paper were gathered during the Tadjouraden cruise (1995) aboard the French R/V L 9ttalante in the western Gulf of Aden [Huchon et al., 1995] .
Multibeam bathymetry and backscatter data were collected where track spacing was about 1 to 5 nautical miles. Track spacing was increased to about 10 nautical miles in the southern off-axis area. Geophysical data were gathered throughout the survey and consisted of gravity, magnetic, seismic, and 3.5 kHz data. The acquisition of 6-channel seismic data was partial in the Ghoubbet area and in the Bab el Mandeb strait. Moreover seismic acquisition was not performed south of 11ø30'N in the Somalian exclusive economic zone (EEZ). Navigation was based on Global Positioning System throughout the survey.
The gravity data were collected using a Bodenseewerk KSS30 gravimeter. According to the two gravity ties performed in Djibouti harbor before and after the cruise, the instrumental drift was close to 0 mGal for the 19 day cruise. The total gravity field was measured every 10 s as well as the heading and speed which allowed us to compute the E6tv6s effect. The free air anomaly was obtained by removing the E6tv6s effect from the total field and was then sampled to 1 min values using the cubic spline method [Inoue, 1986] . The accuracy of free air anomalies is estimated to be 1.5 mGal from the standard deviation of the crossover differences.
Characterization of the Spreading Ridge and

Identification of the Oceanic Crust
In this section, we first present the main morphological characteristics of the spreading ridge, as well as its free air gravity signature. We then define the geographical extent of the oceanic crust using both the Bouguer anomaly and the magnetic anomalies.
Morphology of the Spreading Ridge West of 46øE
The multibeam data (Figure 2) show that the axis of the western Aden spreading ridge trends N90øE east of 44øE and becomes N70øE to the west of 44øE, when approaching the Gulf of Tadjoura. It is organized in several oblique N110øE trending basins that are roughly perpendicular to the spreading direction (N37øE). Their maximum depth reaches 1800 m. On a regional scale the axial valley floor deepens toward the Afar depression, up to 43ø20'E at the western tip of the westernmost basin. In the Gulf of Tadjoura the individual basins get smaller and shallower. The general offaxis trend is a deepening eastward. The Shukra E1 Sheik discontinuity, where the existence of a transform fault has been previously proposed [Cochran, 1981] , is not expressed in the bathymetry.
The sedimentary cover is rather thick in the studied area because the spreading ridge is located close to the continental shelves suppplying a high sedimentation rate in the ocean. 
Computation of the Bouguer Anomaly
The oceanic lithosphere is at first order well described by a series of interfaces associated with density contrasts (e.g., water/sediment, sediment/crust, and crust/mantle). Thus the free air anomaly mainly contains the gravity effects of these different interfaces. As we independently know the water/sediment (described by the bathymetry) and the sediment/crust (deduced from seismic data) interfaces, we can subtract their gravity effect from the free air anomaly and thus obtain the "basement Bouguer anomaly" (hereinafter referred to as Bouguer anomaly) which reflects deeper density anomalies. So we computed the Bouguer anomaly by subtracting three distinct terms from the free air anomaly. We first took into account the gravity effect of the bathymetry considered as a water-sediment interface. Second, we computed the effect of the surrounding topographic relief which exhibit heights rapidly increasing away from the coast (north of the Gulf of Tadjoura, the altitude reaches 1600 m above sea level about 10 km inland). The third contribution is the topography of the top of the oceanic crust deduced from seismic data.
An efficient fast Fourier transform method [Parker, 1972 ] is often used in marine surveys to compute the Bouguer anomaly in the spectral domain, but it could not be easily applied in our case for the two following reasons. First, the study area includes coastal zones where shallow depths would require a very small grid spacing, hence increase computation times and possibly lead to numerical instabilities. Second, the surveyed area is surrounded by emerged relief that could not be easily taken into account using this method. So we used an analytical three-dimensional (3-D) xcalculation based on the algorithm of Chapman [1979] . The gravity effect of each density interface is computed as a series of triangular facets defined by points on the rectangular grid at the depth of the interface. The method is fully described by Rommevaux et al. [ 1994] . It allows us to compute the gravity effect directly at measurement points and to take into account both bathymetry and topography [Deplus et al., 1996] .
In order to compute the gravity effect of the bathymetry and topography interfaces, a digital elevation model has been first constructed over a large zone (500 by 450 km) encompassing our studied area. In the marine area, where our gravity data are located, we used multibeam bathymetric data gathered during the cruise. Their high resolution could provide 100 m spacing grids. Several tests have been performed in order to determine the optimum spacing for computation of gravity effects at sea level. Using a 1 km grid spacing rather than a 100 m spacing yields differences smaller than 0.5 mGal in areas of steep slopes [Halbert, 1998 ], thus smaller than the precision of the marine gravity data. We chose a 1 km spacing for our final digital elevation model (DEM). To extend the coverage we added ETOPO5 We chose the same density (2700 kg rn -3) for oceanic and continental crust; the gravity influence of the latter is maximum in the first kilometers offshore (4 to 5 mGal). The density chosen for the sediments (2200 kg m -3) is an average value that does not take into account heterogeneities within the sedimentary layer. However, it allows us to compute a reasonable gravity effect in regions covered with sediments, particularly near the coast. In addition, the gravity effect of coastal relief is maximum in the same areas, and since the procedure used to define basement in areas devoid of seismic data is not exact either, the Bouguer anomaly will display a lower precision near the coast, at the ends of the profiles. Thus we must keep in mind that these areas have to be interpreted with caution.
The bathymetry, topography, and basement grids were used to compute the gravity effects at each data point. The reference depth was chosen as 0 km so that all computations are homogeneous and the obtained Bouguer anomaly can be directly mixed with the inland Bouguer anomaly for future 
A Priori Model for the Moho Geometry
To construct our a priori model for the regional Moho interface, we assume that the continental margin is in regional equilibrium on an equivalent elastic lithosphere, with a low rigidity given by an elastic thickness ( We thus expect that its gravity effect will not completely explain the amplitude of the long-wavelength observed in the Bouguer anomaly but that it will provide a mantle Bouguer anomaly we can then interpret in terms of deviations with respect to the a priori model.
Mantle Bouguer Anomaly and Pseudocrustal
Thickness Variations
The gravity effect of the a priori Moho was computed using four terms in the Parker [1972] appears as a transition profile where a long-wavelength still exists and coexists with two low flank highs (5-10 mGal). In domain II the axis is also underlain by a negative anomaly but of much smaller amplitude than in domain I. This anomaly is probably partly due to a thermal origin. Upwelling of the asthenosphere beneath the Aden ridge axis may contribute to the mantle Bouguer anomaly at both small and large wavelength. Therefore it is difficult to remove its effect by forward modeling or by filtering the anomaly. This explains why we prefer to invert the MBA in term of crustal thickness variations only and then to discuss the results in term of possible additional thermal anomalies.
The inversion of the mantle Bouguer anomaly was performed using a Fourier domain method [Oldenburg, 1974] . This iterative method is based on the direct spectral formula [Parker, 1972] As for domain III (profiles 7 and 8 in Figure 5 ) the thermal effect does not explain the mantle Bouguer anomaly, and the higher anomaly associated with the northern flank seems to extend to the axial zone. A southward offset between the deep crustal structure and the surface features is noticed and more pronounced than in domain II, so the crustal layer is clearly asymmetric. band. In such a case, a ridge-transform configuration is no more allowed and this yields preferentially a series of en echelon extensional features [Dauteuil and Brun, 1993] . In the western Gulf of Aden, we similarly observe en echelon basins and oblique spreading, and the crust is thicker toward the East Africa hot spot. But the main difference is that the western Aden spreading ridge is characterized by a transition from a a new oceanic crust to a stretched continental crust whereas the Reykjanes Ridge is associated with true oceanic crust everywhere.
Segmentation Pattern and Ridge Propagation
Our results do not allow us to define a segmentation pattern similar to the one described at slow spreading ridges such as the Mid Atlantic Ridge. The morphological expression of the Aden spreading ridge west of 46øE consists of a succession of en echelon basins whose trend is oblique with respect to the opening direction. However, the interpretation of gravity data allows us to identify three lithospheric domains whose EW length ranges from 50 to 80 km and whose characteristics are quite homogeneous.
The three domains do not display any individual morphological signature and are not offset. We note that the limit between domains I and II corresponds to the previously proposed Shukra E1 Sheikh discontinuity [Cochran, 1981 ] . The transition between the domains II and III corresponds to a local mantle Bouguer anomaly low (44ø10'E, Plate 2). It also coincides with the southern end of a submarine canyon observed in bathymetric data (Figure 2 ) which may hide a tectonic feature. Along axis, discrete pseudocrustal thickenings (1-2 km) occur and have sizes (10-15 km) similar to the size of the oblique basins (Figure 9 ). However they seem to be preferentially located between these basins. This is in agreement with extension, hence thinning, associated with the basins. Such thickenings might also indicate the presence of small localized asthenospheric upwellings along the axis. However, it is unlikely that these thickenings are related to a higher magmatism since backscatter data do not evidence any associated volcanic activity. The en echelon basins may be therefore better interpreted as extension cells rather than crust. This domain II may be already affected by localized asthenospheric upwelling, and magnetic anomalies show that a basaltic layer has already recorded the last 2 Ma reversals. However, the mechanism producing magnetic anomalies when oceanic spreading is not well established remains to be investigated.
The three distinct mechanical areas defined in our study suggest that the propagation of the seafloor spreading was discontinuous and rapid. Each individual domain has rapidly propagated westward and has established within 2-3 Ma. After a 1-2 Ma pause the westward propagation resumed. This model can be compared with that proposed for the Woodlark Basin , where seafloor spreading is proposed to develop through spreading center nucleation, then propagation (or possible local stall and jump). Nucleation occurs when rifting has been maximal within extensional basins. Similarly, we observe a rapid propagation within each domain. The aborted rift noticed in the basement, north to the active axis (Figure 3) , is consistent with a southward jump of the axis before 2 Ma, toward a rheologically weaker stretched area, and this is close to the model of axial jumps proposed by Taylor et al. [1999] .
The second-order segmentation observed at slow spreading ridges has not a constant architecture through time, since magmatic feeding and segment morphology are not stable, and this segmentation is not expected to be directly inherited from former continental heterogeneities. However, the corresponding mantle pattern could be conceptually related to the very beginning of seafloor spreading, and possibly to late stage of rifting . The domains we define may correspond to successive emplacements of distinct asthenospheric upwellings, and further develop as distinct accretion cells, to eventually evolve as the ones observed at slow spreading ridges. This model is close to the model of a rift-induced second-order mantle convection, especially recently proposed in the Woodlark Basin , and our results suggest that the discontinuous way the ridge propagates should be partly responsible for the subsequent 3-D pattern of the seafloor spreading processes.
